SciencePG

Science Publishing Group

2025, Vol. 10, No. 5, pp. 87-95

American Journal of Mechanical and Industrial Engineering @
https://doi.org/10.11648/j.ajmie.20251005.11

Research Article

Mathematical Models for Forecasting Spare Parts Demand
in Car Service Enterprises and Comparative Analysis of
Results

Polvonov Abdujalil Sattorovich' ©, Abdusattorov Nodirjon Abdujalil o‘g‘li* ©,
Odilov Jakhongir Anvarjon o‘g‘li*~ ©, Sulaymonov Dostonbek Salohiddin o‘g‘li*

Transport Faculty, Namangan State Technical University, Namangan, Uzbekistan
Mechanics and Mechanical Engineering Faculty, Fergana State Technical University, Fergana, Uzbekistan

Abstract

This study comprehensively examines the challenges of meeting the spare parts demand in car service enterprises. The research
addresses key aspects such as maintaining optimal spare parts inventories, organizing efficient storage in warehouses, and
improving the processes of ordering, purchasing, and delivering spare parts. To analyze demand patterns, the Poisson distribution
is applied, and regression models are used to identify the factors influencing spare parts consumption. The study highlights the
importance of developing a multiple regression model to determine the degree of interrelation between these influencing factors.
Variables with pair correlation coefficients below the specified significance level are excluded to enhance the model’s accuracy
and reliability. In addition, the potential of adaptive forecasting models based on the moving average method is explored to
predict future spare parts demand effectively. A comparative analysis of the results obtained from different mathematical models
demonstrates that the proposed approach provides a more accurate and reliable estimation of spare parts demand for car service
enterprises. The findings offer practical guidance for inventory management, helping enterprises maintain sufficient stock levels
while minimizing storage costs and operational inefficiencies. By combining statistical modeling with adaptive forecasting
techniques, this study provides a comprehensive framework for predicting spare parts demand and supporting decision-making
in car service enterprises. The approach contributes to improved operational efficiency, reduced risk of stockouts, and better
alignment of inventory with actual service requirements.
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1. Introduction

One of the indicators of a high-quality car service is the  tinguished, the most important of which are: maintaining
proper organization of its production-technical base. In this  optimal stocks of spare parts, ensuring their constant availa-
regard, many tasks of material and technical supply are dis- bility in warehouses, and optimizing the processes of ordering,
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purchasing, and delivering spare parts.

If the tasks assigned to material and technical supply are

performed unsatisfactorily:

1) it disrupts the operation of the production-technical base
of car service enterprises, and at the same time, the need
arises for increasingly more storage spaces for cars
waiting for technical service and repair;

2) the downtime of cars during technical service and repair
increases;

3) queues for technical service increase;

4) the flow of forced refusals of technical service due to the
shortage of spare parts increases;

5) the level of competitiveness of the car service in internal
and external markets decreases;

6) the popularity of certain car brands decreases.

Solving the above-mentioned problems makes it possible to

create a scientifically-based system for managing spare parts
stocks in car service enterprises.

2. Manuscript Formatting

The system of supplying spare parts to automobile tech-
nical service enterprises is a mass service system corre-
sponding to the main characteristics of such systems. The
demand for spare parts used for automobile technical service
and repair generates a random flow of requests, and the de-
mand for spare parts is characterized by the Poisson distribu-
tion [1, 2, 5].

Pra = %ee, €y

Here, P, denotes the probability that the number of re-
quired spare parts is equal to k, given that the average number
of spare parts consumed during the entire considered time
interval is a.

In car service enterprises, which include the enterprises
themselves, their departments, and the range of services pro-
vided, the flow of spare parts demand is divided into small
groups depending on the specialization of the enterprise and
the volume of spare parts consumed by its departments.
Modern dealership enterprises, in addition to their service
base, also have a department engaged in wholesale and retail
trade of spare parts. The sales department deals with the sale
of spare parts. In addition to these departments, the enterprise
also operates its own motor fleet for production and economic
needs, departments for the sale of new and used cars, and in
some enterprises, there is also a car rental service.

The total consumption of spare parts in a car service en-
terprise within a modern dealership network can be expressed
by the following formula [2, 4, 5, 71:

Q = Qent + Qsor + Qsaroy + Qij + Qavs 2

Here, Q.nis the demand for spare parts for technical ser-
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vice and repair; Q,,.is the demand for spare parts of the sales
department; Qsqroy is the demand for spare parts of the motor
fleet; Q;; is the demand for spare parts of the car rental de-
partment; Q,,is the demand for spare parts of the car sales
department [7, 8].

The spare parts sales department may consist of several
divisions, including retail, wholesale, and order divisions. In
addition, the enterprise may also have a technical emergency
service department that uses spare parts.

To determine the consumption of spare parts in an enter-
prise, the consumption of spare parts through the auxiliary
services of technical service and repair can be combined into a
single general component, since the above-mentioned ser-
vices are provided to car service enterprises by the technical
service, except for the expenses corresponding to the spare
parts sales department. Thus, for such an enterprise, the de-
mand for spare parts (Q) can be expressed by the following
formula:

Q = Qus + Qaork ®)

Here, Qs is the total demand for spare parts of the car
service, and Qg is the demand for spare parts of the auto
shop.

Figure 1 shows the approximate distribution of spare parts
consumption among the main consumer departments of the
“AVTOTEXXIZMAT-F” JSC car service enterprise located in
Margilan city, based on the results of 2024.

. -
Enterprise :

50%

Figure 1. Distribution of spare parts consumption among the de-
partments of the enterprise.

When calculating the total demand for spare parts of a car
service enterprise (Qg4s), reliable information on operational
factors and the composition of the motor fleet is required; in
contrast, when calculating such demand for the auto shop
(Qa0:x), Obtaining information on operational factors and fleet
composition becomes significantly more complicated [7, 8].

Considering that for large values of k, the Poisson distri-
bution can be approximated by the normal distribution, we use
this law to determine Q.-

According to the normal distribution law, the probability
that Qg 1S less than Q+zo is as follows:
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P(=0 < Qupx <Q+2z0) = Ef_zwe 2dt (4
Here, Q is the mathematical expectation of the distribution;

Z is the normalized deviation from the mean; o is the standard

deviation. Given the probability P, we determine the value of

z that satisfies the following condition [9, 10]:

_e?

% Jiezdt=P ()
The required quantity of spare parts with the necessary

designation:

Qao'x =Q+2z0 (6)

Here, Q and o are, respectively, the mathematical expecta-
tion and the standard deviation.

If during the experiments the consumption of spare parts
does not follow the above laws, it is not appropriate to use this
forecasting model.

This allows for determining the patterns of such consump-
tion and selecting the mathematical framework that ensures
the highest accuracy in forecasting the demand for spare parts.

2.1. Use of Regression Models

When performing practical calculations to forecast changes
in the parameters of various systems, regression models are
often used if information about the factors affecting these
parameters is available. To take into account the influence of
the specified factors on spare parts consumption and to de-
termine the degree of interrelation between the factors, it is
necessary to develop a multiple regression model.

In this case, the result of spare parts consumption is denoted
by Y, while the remaining variables x;...x,, represent the
factor variables [13, 14].

In general, the regression equation for forecasting the de-
mand for spare parts can be expressed as follows:

Y=ay+ax; +azx, +--.... + anxm @)

Here, x; ,, are the factor variables.

Only those factors that can be quantitatively measured and
whose changes can be forecasted under the conditions of a car
service enterprise are included in the model.

To construct a multiple regression model for the dependent
variable, it is first necessary to select the factor variables for
the model. For this purpose, the pairwise correlation coeffi-
Cients (7,1, Tyx2, Tx1x2) are calculated. For example:

_ yX1+yx;
Tyx1 = oyt (8)

Here, o, and o,, are the standard errors of the corre-
sponding samples.

—v)2 —7)2
o, = ’Z(yny) ; o, = ’Z(xnx) (9)

Factors whose pairwise correlation coefficients with the
dependent variable are below the specified significance level
are not included in the model. In practice, when calculating
the demand for spare parts, the given significance level is
assumed to be 0, 5.

At the next stage, the presence of multicollinear factor
variables is checked. From each such pair of variables, only
one is selected for the model, namely the variable with the
highest r,,,, coefficient [5]. When selecting factors for the
spare parts demand forecasting model, a pairwise correlation
coefficient greater than 0.8 between factors is considered an
indicator of multicollinearity.

The model parameters ag,aq, ... ... a,, of the regression
equation are estimated using the least squares method, which
can be expressed in matrix form. The following notations are
adopted:

a=(),j =0,1,....,m - vector of unknown parameters;
m - number of unknown parameters; a=(a;) - vector of esti-
mated parameters; y= (y;), i=1, ...,n - vector of values of the
dependent variable; n - number of observations; X= (x;;) -
matrix of values of independent variables of size n {m+1);
e = (&) — - vector of errors in the model; e = (e;) - vector
of residuals in the equation. In standard notation, the vector is
understood as a column vector, i.e., as a matrix of sizen1 [7,
11, 12].

The regression equation with estimated parameters can be
expressed in the following form:

y=X-a.
General form of the model in vector notation:
y=X-a+e. (10)
The sum of squared deviations is equal to:
Q=Ye?=¢eT-e (12)
Differentiating Q with respect to aaa, we obtain:

2= 2Ty +2(X"-X)a (12)

By setting the derivative equal to zero, we obtain the fol-
lowing expression to determine the vector of estimated pa-
rameters a:

XT-y=XTx"q,
a=X"-x)™" &) (13)

Differentiating Q with respect to aaa, we obtain the fol-
lowing [3]:
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Q0 _

_oxT. T,
o 2XT -y +2(X" - X)a

(14)

By setting the derivative equal to zero, we obtain the fol-
lowing expression to determine the vector of estimated pa-
rameters a [2]:

XT-y=XT"x-aq,

a=X"-x0)" X" y) (15)

Calculating the parameters of a regression equation is a
time-consuming process. Currently, practical computer soft-
ware packages can perform this automatically.

After calculating the partial correlation coefficients, we
determine the multiple correlation coefficient 7, which ex-
presses the degree of relationship between the dependent and
factor variables. In general, this coefficient is calculated using

the following formula [6]:
= 1= "32;(12...m)
= T

2
_ |9%12.m
n= |25
y

Here, 0y, is the variance of the factors.
2 ; i ) i
0y 12.m) - Tesidual variance; oy - variance of the depend-
ent variable.

(16)

2 _ Z10i=9)? | 2 _ XT0i-99)?
Oy12.m = nil , Oy(12..m) = #
MNrn,. _5\2
0_3% — Zl(i’ily) (17)
Here, 9, is the calculated value of the dependent

ble; y;is the mean value of the dependent variable.

The accepted form of the indices means the following:
variance of y; taking into account the factors
X1 X 0y2(12___m) - variance of y; with the influence of

factors x,...x,, removed.

The closer the actual values of y; are to the regression line,
the smaller the residual variance, i.e., the greater the variance
explained by the factors, and, consequently, the larger the
value of 7.

Thus, the multiple correlation coefficient, like the magni-
tude of the residual variance, characterizes the quality of the
regression equation fit [5].

To assess the quality of a regression model, it is necessary
to evaluate the significance of the multiple correlation coef-
ficient. This evaluation is carried out using the Student’s
t-statistic by testing the null hypothesis that the k- regression
coefficient is equal to zero (k = 1, 2, ..., m). The calculated
value of the t-statistic, with degrees of freedom (n - m - 1), is
determined by dividing the k-th regression coefficient by its
standard error o, [1, 6, 7].

2
O0y12.m —

90

V1-1r2 Ty n-m-1
Ory —; tys P =" PR (18)

The calculated value t,; is compared with the critical
value t, . The t¢ value is taken from the Student’s
t-distribution table, considering the given significance level
and the number of degrees of freedom k. If the calculated
value of ttt exceeds the critical value, the correlation coeffi-
cient is considered significant, and the relationship between
the dependent variable and the set of factor variables is strong.

Next, the multiple regression model is analyzed. The sig-
nificance of this model is evaluated using Fisher’s F-statistic.
In this case, the null hypothesis assumes that all regression
coefficients are equal to zero, i.e., a;=a;=...a,,=0 - the model
is considered insignificant. The alternative hypothesis as-
sumes that at least one aia_iai is not equal to zero [5].

The actual value of Fisher’s F-statistic is determined using
the following formula:

(19)

Here, m is the number of parameters in the regression
equation.

The value of F. is compared with F,;, which is deter-
mined from the F-table for the given significance level and
degrees of freedom k,=n-land k,=n-m-I.

If the calculated value of the criterion exceeds the critical
value, the alternative hypothesis is considered valid, i.e., the
multiple regression model is significant.

In practice, not all software can perform a detailed analysis
of the constructed regression model. When using standard
practical software packages to calculate the demand for spare
parts, it is advisable to use packages that assess the quality and
significance of the regression model.

To evaluate the proportion of variation in the dependent
variable explained by the factor variables, the coefficient of
determination D=r;? is used.

Regression coefficients can only be directly compared if
they are expressed in the same units. Most of the factors af-
fecting the demand for spare parts have different units of
measurement (kilometers, pieces, days, etc.).

To make the regression coefficients comparable, stand-
ardized regression coefficients f; should be used. The B;
coefficient indicates the amount of change in the standard
error of the dependent variable when the factor x; changes by

one standard error:

pea)

Oy

(20)

Here, a; is the regression coefficient for the factor x;;
Oy and o, are the standard errors of the factor and the

dependent variable, respectively.
Elasticity coefficients are calculated to estimate how many


http://www.sciencepg.com/journal/ajmie

American Journal of Mechanical and Industrial Engineering

http://www.sciencepg.com/journal/ajmie

percent the dependent variable changes when the value of a
factor variable changes by 1%. Using a multiple regression
econometric model, to know the forecasted values of all fac-
tors included in the model, it is necessary to perform an
I-step-ahead forecast of the demand for spare parts. These
values can be obtained using extrapolation methods based on
the average absolute increase of the factor variables. The
forecasted values of the factors can be set by the specialist
responsible for organizing spare parts supply or obtained
through expert assessments. The forecasted factor values are
input into the model, and point forecasts for the demand for
spare parts in the required nomenclature are obtained.

If subsequent studies indicate that applying a linear multi-
ple model is not appropriate, the dependence of spare parts
demand on factor variables is described by nonlinear equa-
tions. In such cases, to estimate the regression parameters, the
regression equation needs to be converted into a linear form,
which can be done by logarithmic transformation. The
drawback of logarithmic transformation is that the estimates
of regression parameters are obtained in a shifted form.

In general, the estimation of parameters of a nonlinear re-
gression is carried out using the nonlinear least squares
method. For this, the sum of squared deviations between the
calculated values f(a;, a,...) and the actual values y; of the
dependent variable is minimized, and Q is determined by

differentiating with respect to the parameters a;.

Q=Xe? =Xy —f(ayaz.))? (21)
As a result, a system of normal equations is obtained. The
system is linearized using the Taylor series, and then the
linear least squares method is applied.
As a result, a system of normal equations is obtained. The
system is transformed into a linear form using the Taylor
series, and then the linear least squares method is applied.

2.2. Comparison of the Results of Calculating
the Demand for Spare Parts Using
Mathematical Models

The presented methods are convenient for performing
practical calculations using a personal computer. To imple-
ment them, data on spare parts consumption for at least the
previous 12 months of the enterprise is required.

Using the constructed model and the Regrel.O program, we
calculate the demand for steering racks. In this case, we use
the forecasted values of the factor variables for January 2024
(Table 1).

Table 1. Forecasted values of the factor variables.

Month Distance Number of Vehicle Age Usage Sea- Stock in New Vehicle Number of Out-
Entries g sonality Warehouse Production puts and Days
1 65 90 5 -10 45 120 13
After entering the data, we obtain the following result:
Y=22.71.
The diagram showing the influence of the factor variables Dam ofish bunlariva boshga
on the dependent variable, generated by the program, is pre- e a% Yol avtomabiller

sented in Figure 2.

These methodologies (using a personal computer) are
convenient for performing practical exercises. To implement
them, information on the enterprise’s spare parts expenditures
for previous months is required (at least 12 months).

To obtain the forecast of demand for steering racks using
the STADIA 6.3 program, we use the nonlinear forecasting
model obtained above. The forecasted values of the factor
variables for January 2024 are entered into the program (see
Table 1). After entering the data, we obtain the following
result for the nonlinear model: Y=22.71.

91
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Figure 2. Degree of influence of the main factors on steering rack
consumption.

Since there is no forecast of changes in the dependent in-
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dicators for the entire period of 2024 at the “AVTO-
TEXXIZMAT-F” JSC car service enterprise in Margilan, it is
difficult to obtain forecasted values of spare parts demand for
the whole year.

For January 2024, we compare the demand values for
steering racks obtained using Regre 1.0 (22.71) and STADIA
6.3 (23.30). Although the STADIA program takes into ac-
count the influence of the entire set of factors, the difference
between the forecasts is relatively small. The actual con-
sumption of the studied spare part was 20 units; however, this
does not indicate the accuracy of either method, as analyzing
spare parts consumption over at least one year is required.
Nevertheless, the method of selecting factors for the model
allows saving time for later collection of data on factors that
do not significantly affect the result.

The results of the nonlinear regression model analysis
(Y=22.71) are very close to the linear model, but when using
the nonlinear model, forecasting errors can even be higher.
The nonlinear model is built based on the selection of em-
pirical formulas, and additional data analysis is required when
choosing empirical formulas. Therefore, using a linear model

for forecasting spare parts demand is advisable.

Using the adaptive forecasting model created based on the
moving average (smoothing small delays), the forecasted
demand for spare parts was 22.0, which differs significantly
from the values obtained using regression models. This is
explained by the nonlinear change in spare parts consumption
throughout the year. Applying this adaptive model is appro-
priate when analyzing the consumption of spare parts be-
longing to Group 3 (engine). In this group, there is a con-
sistent trend in consumption changes without sharp jumps in
increasing or decreasing directions.

To justify the choice of a forecasting model based on the
character of the spare parts consumption curve, we calculate
the demand for spare parts for 2024 using the example of
GTM belts and injectors, and then compare the obtained
values with the actual consumption of these parts.

For calculating the demand for GTM belts, we use the
adaptive forecasting model, while for the demand for front
bumpers, we use a model based on Fourier series harmonics.

The practical and calculated quantities of spare parts de-
mand are shown in Table 2.

Table 2. Practical and calculated demand for timing mechanism (GTM) belts (25195582) and injectors (25181804) in 2024.

Assemblies /Months 1
Actual Consumption of GTM Belts 21
Forecasted Demand for GTM Belts 23,4
Actual Consumption of Injectors 21
Forecasted Demand for Injectors 19,2
Assemblies /Months 6
Actual Consumption of GTM Belts 17
Forecasted Demand for GTM Belts 18,5
Actual Consumption of Injectors 13
Forecasted Demand for Injectors 12,6

25

20

15

10

2

3 4 5

e actual consumption

2

20
22,5
16
17,9

11
13,2
12
10,7

6

8 4 5

23 17 16

21,5 20,3 19,8

17 19 15

18,2 20,1 20,8

8 9 10 11
10 11 10 13
14,4 14,2 13,8 15,0
10 10 14 16
12,4 11,7 153 18,7

7 8 9 10 11 12

e forecast

Figure 3. Actual consumption and forecast of GTM belts (catalog number 25195582).
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Figure 3 shows the forecasted demand for spare parts and
the actual consumption curve of GTM belts at the enterprise in
2024.

3. Results

The graph shows that the change in GTM belt consumption
has a smooth character without sharp fluctuations.
Figure 4 presents the forecasted demand for spare parts and
the actual consumption curve of the front bumper in 2024.

25
20
15

10

4 5

— actual consumption

6

The figure also illustrates the spare parts consumption curve,
which served as the basis for constructing the forecasting
model.

The forecasting models for GTM belts and front bumpers
are adequate, and in both models the number of peak points is
equal to 6.

To evaluate the accuracy of the applied models, we calcu-
late the mean relative approximation error for each of them:

7 8 9 10 11 12

e forecast

Figure 4. Actual consumption and demand forecast of injectors (catalog number 25181804).

Y=t

Enis = % ) -100%, (22)
Herey, and §, are the actual and estimated values of the
time series, respectively.

4. Conclusions

This study addressed the problem of correlation-regression
analysis in evaluating software tools for statistical and opera-
tional research. The analysis showed that Regre 1.0 software
most fully meets the stated requirements for such analyses.
However, for a more comprehensive and detailed study, it is
recommended to use additional software packages, such as
STADIA 6.3 [1]. Future research could explore the integra-
tion of these tools with other statistical and machine learning
methods to further enhance the accuracy and efficiency of
correlation-regression analyses.

Abbreviations

a; Regression Coefficient for the Factor
Oy and o, Standard Errors of the Factor

93

y. and ¥, Actual and Estimated Values of the Time
Series, Respectively
9 Calculated Value of the Dependent

Variable
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